Ordinary Portland cement is a widely favored construction material because of its good strength and durability and its reasonable price; however, spalling behaviour during fire exposure can be a serious risk that can lead to strength degradation or collapse of a building. Geopolymers, which can be synthesized by mixing aluminosilicate source materials such as metakaolin and fly ash, and alkali activators, are resistant to fire. Because the chemical composition of geopolymers controls the properties of the geopolyers, geopolymers with various Si:Al ratios were synthesized and evaluated as fire resistant construction materials. Rejected fly ash generated from a power plant was quantitatively analyzed and mixed with alkali activators to produce geopolymers having Si:Al ratios of 1.5, 2.0, and 3.5. Compressive strength of the geopolymers was measured at 28 days before and after heating at 900 o C. Geopolymers having an Si:Al ratio of 1.5 presented the best fire resistance, with a 44% increase of strength from 29 MPa to 41 MPa after heating. This material also showed the least expansion-shrinkage characteristics. Geopolymer mortar developed no spalling and presented more than a 2 h fire resistance rating at 1,050 o C during the fire testing, with a cold side temperature of 74 o C. Geopolymers have high potential as a fire resistant construction material in terms of their increased strength after exposure to fire.
Introduction
eopolymer is a material which is solidly hardened when aluminosilicate materials such as coal ash or metakaolin are reacted with alkali at room temperature or a low temperature, and may be considered as an inorganic binder such as Ordinary Portland cement. Since geopolymers do not require a sintering process at high temperatures unlike production processes of ordinary cement, discharge amounts of carbon dioxide can be reduced even by more than 80% as compared with cement production. Geopolymers have a variety of advantages which cannot be obtained in ordinary cement, typically including fire resistance. Actually, fire-resistant concrete is considered as an area with the highest commercialization possibility for geopolymers, and hence diversified studies have been conducted.
1-3)
When exposed to high temperatures, concrete can cause spalling, and serious fire damages can be inflicted in a highstrength concrete having a relatively high-density structure coupled with a low porosity compared with ordinary concrete. 4) While high-rise buildings being competitively built in recent times are constructed with a high-strength concrete of higher than 50 MPa, there are no domestic standards specified for fire resistance rating of a high-strength concrete. Upon occurrence of high-scale fires, high strength concrete falls off at once so that steel reinforcement melts down while being directly exposed to heat, allowing occurrence of dangerous situations where the building is collapsed. According to the data submitted to the National Assembly by Korea Institute of Civil Engineering and Building Technology in 2007, it was revealed that fire resistance rating for withstanding heat of high-strength concrete of higher than 40 MPa employed in domestic high-rise buildings of more than 40 stories is drastically dropped so as not to be able to withstand for even 1 h in an extreme case. 5) According to the 'Announcement on certification and management criteria for fire resistant structures' by Ministry of Construction and Transportation, structural parts such as columns and beams in the case of higher than 12 stories are supposed to secure fire resistance rating of more than 3 h, which is the minimum standard allowing safe evacuation of inhabitants for avoidance of building collapse during fire, to prevent collapse of buildings upon fire. However, in the case of high-strength concrete of higher than 50 MPa, destruction occurred in 1 h 39 minutes 30 seconds, while it was shown to be bent in 57 minutes in the case of 80 MPa, failing to play a proper role. 6) Particularly, in Japa-G Communication nese-type loading experiments with application of heat at 500 o C, the columns made of high-strength concrete of 50 MPa and 80 MPa collapsed in 38 minutes 30 seconds and 34 minutes 30 seconds, respectively. This means that upper floors of high-rise buildings with concentrated use of highstrength concrete are likely to collapse first, increasing a possibility for occurrence high-scale disasters.
6) Being attempted to produce highly heat-resistant concrete are intermingling concrete with various composite organic, inorganic fibers, or various combinations of metakaolin, waste tire, silica fume, etc.
7-8)
An excellent thermal stability of geopolymer compared to cement is originated from the fact that it is an amorphous aluminosilicate structure. Since thermal stability and heatresistance of geopolymer are actually affected by the ratio of Si and Al constituting the aluminosilicate structure of geopolymer, there is a need to derive an optimum Si:Al ratio advantageous to fire resistance rating of geopolymer synthesised from fly ash. Compressive strength, thermal expansion, and compressive strength after high-temperature firing of geopolymer produced from the same fly ash were measured as a function of Si:Al ratios, and fire-resistant characteristics of geoploymer were to be examined through X-ray diffraction analyses and scanning electron microscope observations, based on phase transformations and changes in microstructures after an exposure to high temperatures. Since geopolymers are produced from coal ash, it is considered meaningful from the aspect of resources recycling and development of new materials for fire-resistant concrete.
Experimental Procedure

Raw materials
As a raw material for geopolymers, rejected fly ash discharged from Yeongheung thermal power plant was employed. The rejected fly ash is a coarse portion of fly ash which is rejected from the ash classifying to use it as a cement admixture and landfilled, since it has a relatively large particle size and a high content of unburned carbon. The rejected fly ash used for experiments herein is a remnant after separating unburned carbon and valuable components in the refining facility for coal ash installed inside Yeongheung thermal power plant. Mechanical splitters were used for representative sampling, and finally obtained samples were used for particle size analysis, chemical analysis, and quantitative X-ray diffraction analysis. For production of geopolymers, the rejected fly ash was milled in a wet rod mill, where rods of 10.4 kg in total weight were used. Height and diameter of the mill was 36.5 cm and 17.3 cm, respectively, with the L/D ratio of 2.1 : 1.0. After mixing 500 g of rejected fly ash with 500 ml of water, it was milled for 30 minutes by rotation at a revolution of 90 rpm which was about 11% of the maximum speed. After dewatering, the rejected fly ash was dried for 24 h in an oven at 105 o C, and then used as a raw material for producing geoploymers. Particle size distribution of the rejected fly ash was measured by using a laser diffraction type of particle size analyzer (Mastersizer 2000, Malvern, UK), where 0.2 wt% of sodium hexameta phosphate was added as a dispersant.
Chemical compositions of the rejected fly ash were analyzed by using a X-ray fluorescence spectrometer (Shimadzu Sequential XRF-1800, Shimadzu, Japan). To analyze contents of crystalline and amorphous substances present in the rejected fly ash, a quantitative X-ray diffraction analysis was conducted. As a X-ray diffraction analyzer, D8 Advance diffractometer (Bruker-AXS, Germany) was employed, where diffraction patterns were obtained by scanning for the range of 5 -95° in 2θ at a step size of 0.01°, and a scanning rate of 1 second per step. To calibrate the equipment error which can affect the results of X-ray diffraction analysis, LaB 6 (SRM660b, NIST, US) was analyzed simultaneously. For phase identification and quantitative analysis, DIFFRACPLUS TOPAS 4.2 (Bruker-AXS, Germany) as a software based on Rietveld method was used. Samples for quantitative X-ray diffraction analysis were prepared by mixing 3.0000 g of the rejected fly ash and 0.3333 g of fluorite (CaF 2 ,99.985%, Alfa) as an internal standard material followed by milling in McCrone micronizer for 5 minutes.
Production and evaluation of geopolymer
As an alkali activator for production of geopolymers, Sodium hydroxide (NaOH, Junsei, 97.0%) was dissolved in distilled water to prepare a solution, and used 24 h later. To achieve Si/Al ratios of the geopolymer to be generated on the basis of reactive Si/Al ratios of fly ash, sodium silicate solution (Na 2 SiO 3 ·H 2 O, 32.1 wt% SiO 2, 12.5 wt% Na 2 O, Dongyang Chemical) or sodium aluminate powder (NaAlO 2 , Na 2 O 41.9 wt%, Al 2 O 3 51.4 wt%, Junsei chemical) was added. When sodium aluminate was used, it was combined with the remaining alkali solution after dry mixing with coal ash first. In the case of sodium silicate solution, it was used by mixing with the sodium hydroxide solution generated in advance. Compositional ratios to produce geopolymers with the targeted Si:Al ratios by mixing coal ash and alkali activator were calculated by using "Program for calculation of Geopolymer compositional ratios (C-2012-001621)" developed by Korea Institute of Geoscience and Mineral Resources.
A Kenwood mixer was employed for 1 minute at a low speed, and 10 minutes at a high speed. To eliminate strength change effects due to a difference in workability actual consistencies of the fresh mixes were measured by using a mini slump cone produced in the laboratory. Bottom inside diameter of the slump cone was 38.1 mm, while top inside diameter was 19 mm, with a height of 60.4 mm. At 1 minute after pouring a mix into the slump cone followed by lifting the cone for separation, heights of the mix and diameters of the bottom spread on the floor were measured in two mutually perpendicular directions to check whether similar consistencies were exhibited. A mix was tamped into a cube mold of 50 mm in size in three stages and sealed for curing at 70 o C in an oven without humidity control for 24 h, following which it was taken out at room temperature and demolded after one day was elapsed.
The compressive strengths at the age of 28 days (R&B, Unitech Tech., Korea) of 3 specimens were measured according to KS F 2405 specification, and an average compressive strength together with 95% confidence were calculated. In addition, post firing compressive strengths on the 28th day of 3 specimens separately generated for high-temperature firing were also measured, and naturally cooled down after heating to 900 o C at a rate of 5 o C/min. After the specimens were cooled, compressive strengths were measured and an X-ray diffraction analysis was conducted.
Before and after heating of geopolymers, changes in microstructures were observed in a field-emission scanning electron microscope (FE-SEM Quanta650F, FEI). When geopolymer was embedded in epoxy resin, infiltration of air was prevented by using CitoVac (Struers Corp., Denmark). and stored in a vacuum desiccator for 24 h after polishing the surface stepwise to 1 µm (Tegramin-25, Struers Corp., Denmark). Polished surfaces were then coated with platinum and observed under an accelerating voltage of 15 kV.
Thermal expansion-shrinkage characteristics of geopolymers were measured up to 900 o C at a temperature rise rate of 5 o C/min after cylindrical rods of 21 -23 mm in length, 4.7 mm in diameter were prepared, with a preload value of 15cN (DIL 402 PC, Netzsch).
Apparent densities of geopolymers were simply calculated by dividing the weight of a cured sample by volume. For lengths of one side of the sample, length, width and height were measured 4 times, respectively, using a digital Vernier Calipers (500-182, Mitutoyo), and the volume was calculated using average values.
To prepare geopolymer mortar, Jumunjin standard sand was used as a fine aggregate added to geopolymer paste by about 30% of the weight of total mix. A panel was prepared using a wood material, cured at 70 o C for 24 h, followed by natural cooling at room temperature and storage, and fire resistance tests were conducted on the 47th day of curing. While heating for 2 h according to the standard heating curve of ISO 834 (T = 345 log 10 (8t+1)+20) using an electric furnace for fire resistance test (Research Institute for Engineering & Technology at Chungcheong University), surface temperatures of the cold side not subjected to heat were measured using a K-type thermocouple. The conditions for fire resistance tests and the fixing positions of thermocouples complied with AS 1530.4 as the Australian Standard.
Results and Discussion
Characteristics of rejected fly ash
According to the results of wet analysis using a rod mill, while the maximum particle size and the average particle size before pulverization were 192.8 µm and 34.3 µm, respectively, those after pulverization were 39.1 µm and 11.1 µm, respectively, showing a reduction in particle sizes ( Fig. 1 ). In distribution of particle sizes for rejected fly before pulverization, uni-mode value exists at about 0.7 µm, while bimodal values are observed again at the particle sizes of about 10 µm and 100 µm, realizing a trimodal curve. As with fly ash of Yeongheung thermal power plant, the particle size distribution of fly ash generated by PCC (pulverized-coal combustion) method generally form a trimodal curve. 9) While the particle size distribution of fly ash is determined by pulverization extent, aggregation of mineral particles in vaporization, coal, 8) the fact that the mode appears at 100 µm indicates large aggregated particles during coal combustion ( Fig. 1(a) ). After milling by the wet rod mill, large particles were selectively ground as a whole so that a bimodal curve distribution was exhibited with disappearance of the mode at 100 µm and observation of the modes at 0.7 and 10 µm ( Fig. 1(b) ). Particle sizes can be seen to have been controlled so that the maximum particle size became less than 39 µm. Selective milling effect for coarse particles in the wet rod mill is in agreement with the existing study results. 10) However, even after milling, ome spherical particles remained intact (Fig. 2) , and a more effective reduction method for particle sizes was considered necessary to enhance reactivity of fly ash particles by increasing specific surface areas. 3.2. Derivation of mix proportions for producing geopolymer In rejected fly ash, quartz, mullite and maghemite C were present as a crystalline mineral. According to a quantitative X-ray diffraction analysis, quartz showed the highest content at 18.6 wt%, with mullite shown to be 10.2 wt%, and maghemite C 1.8 wt%. Content of the amorphous substances appearing with a strong background intensity in the X-ray diffraction pattern was shown to be 65.3 wt%, and ignition loss by unburned carbon, water, etc. was measured to be 4.1%. Contents of each mineral and amorphous substance in crystalline substance were in the order of general contents for domestically discharged fly ash.
When contents of amorphous substances excluding crystalline substances are calculated in the X-ray fluorescence analysis results (Table 1) , the content of amorphous SiO 2 was shown to be 39.2 wt%, that of amorphous Al 2 O 3 11.4 wt%, that of amorphous iron oxide 3.91 wt%, and other amorphous compositions 10.8 wt%. The ratio of reactive Si:Al for amorphous substances of this rejected fly ash calculated from this was 2.91. While a wide range of this ratio for fly ash discharged in Australia has been reported from 1.15 to 8.84, 1) it may be considered to be of the same level when compared with 2.44 for the reclamation material of Seocheon thermal power plant or 3.23 for fly ash of Hadong thermal power plant.
11-12)
From the reactive Si : Al ratios of rejected fly ash and the chemical compositions of alkali activator, calculations were made by using "Mix calculator for geopolymer (C-2012-001621)" so that Si:Al ratios would be achieved to be 1.5, 2.0, and 3.5 (Table 2) . Although the amounts of distilled water for three compositional ratios were altogether different, it was designed so that the sum of water in alkali activator and distilled water would become the identical value of 21%. The results of mini slump cone seem to suggest that consistencies of the mixes were almost the same (Table 2 , Fig. 3 ). Fig. 2 . FE-SEM image of the milled ash. Some spherical particles remained intact after 30 minute milling in a rod mill. 
Characteristics of geopolymer as a function of
Si:Al ratios Compressive strengths of geopolymers at room temperature did not show a particular tendency for constant increase or decrease as a function of Si:Al ratios (Fig. 4) . While the highest value of about 39 MPa in room temperature strength was measured for the sample with a Si : Al ratio of 3.5, the sample with a ratio of 2.0 showed a low value of about 15 MPa, and that of 1.5 showed about 29 MPa. In the case of geopolymers synthesized from metakaolin, compressive strengths were greatly affected by Si contents and more dense gel structures were formed upon an increase in Si contents. 13) In the case where geopolymers are produced from metakaolin, a maximum strength is known to be obtainable when the Si:Al ratios are approximately 2-2.5 .
In the case of fly ash, the Si:Al ratios which can exhibit a maximum compressive strength are shown to vary from fly ash to fly ash, which is attributed to the fact that activation rates are varied with particle size distribution of fly ash, chemical compositions of amorphous and crystalline substances, types of activator, compositional ratios, etc. 14) In the case of geopolymers synthesized from fly ash at Hadong thermal power plant, the highest strength was observed for the Si:Al ratio of 4.0 when the ratios were increased to 5.0 by 1.0 at a time. 12) In the case of coal ash at Seocheon thermal power plant, a higher strength was observed for the ratio of 3.0 than for the ratios of 2.0 and 2.5. 11) Therefore, geopolymer gel having more rigid connectivity is considered to form generally when Si contents are high rather than particular Si:Al ratios are advantageous to compressive strengths. Studies on phase transformations in ASG (synthetic alumisolilicate glass) reveal that faster cooling is required for glass richer in alumina to be formed than for a composition rich in silica to become glass. 15) Therefore, even for the same amorphous substances, it may be considered that chemical bonding in a part richer in silica is subjected to larger stresses than in a part richer in alumina so as to be more vulnerable to the attacks of alkali. While characteristics of geopolymer are greatly affected by how easily and fast aluminum is eluted from fly ash by alkali to participate in formation of geopolymer structures, 14,16) the rates of elution of aluminum from fly ash are generally slow. 13) Considering such points, combination for higher contents of silicate in geopolymer synthesized from fly ash is determined to be advantageous to strength manifestation. However, since the rates and ranges of geopolymerisation appear in diversified ways depending on the characteristics of fly ash and types, contents of alkali as mentioned earlier, it is difficult to conclude that some particular Si:Al ratio is most suitable. In the meanwhile, densities of geopoymer specimens showed a range from 1.76 to 1.86, being 1.82 in the case of specimens with a Si:Al ratio of 3.5 for which strength was the highest, while the samples with the lowest ratio of 2.0 showed the lowest compressive strength (Table 3 ). Although measured density values did not exhibit a tendency in accurate agreement with room temperature compressive strengths, it is considered that the lower strength is observed, the lower the density and that geopolymers with chemical compositions of higher silicate contents show a higher strength when densities are similar (Fig. 4) .
Compressive strengths measured at room temperature following ambient cooling after heating to 900 o C in an electric furnace showed the larger values, the smaller the Si:Al ratios (Fig. 4) . Compressive strength of the sample with a Si:Al ratio of 3.5 (38.6 ± 2.1 MPa) decreased to 56% of the average room temperature strength at 21.5±0.5 MPa after heating to 900 o C. In the case of a Si:Al ratio of 2.0, the room temperature strength (15.2 ± 2.1 MPa) increased to more than twice at 33.3 ± 4.0 MPa after heating. In the case of 1.5, the room temperature strength (28.6 ± 3.4 MPa) was increased to 41.4 ± 3.9 MPa by about 44% after heating, which was the highest value for all specimens. Densities of geopolymer specimens measured at room temperature following cooling after heating decreased compared with densities at room temperature (Table 3 ). In the case of 2.0 sample showing the smallest decrease, the strength was increased to more than twice, while a strength increase by about 44% was observed in the case of 1.5 sample showing a density corresponding to 89% of the room temperature strength, so that correlations between densities and strength changes can be seen to be in agreement. In the case of 3.5 sample, the density decreased to 79% of the room temperature sample, and the strength by 56%, indicating that a decrease in densities was linked to a decrease in strengths. Table 2 . Post firing strength decreased for geopolymers having a Si:Al ratio of 3.5 while increased for geopolymers having Si:Al ratios 1.5 and 2.0. The greatest reason that a decrease in densities appeared differently despite the combination to make water contents of three samples to be the same at 21% is thought to be related to the compositions of geopolymer gel. Although fine cracks were observed in the specimen surfaces after heating, there was almost no splitting and no phenomenon at all where a part of the specimen fell off, etc. (Fig. 5) . However the splitting phenomenon was somewhat obvious in the sample with a Si:Al ratio of 3.5, which agreed with the occurrence of greater extents of expansion-shrinkage in 3.5 sample compared with that in 1.5 and 2.0 samples as could be seen from the thermal expansion-shrinkage results.
Although there are differences dependent on the rates of temperature rise and the water contents, somewhat drastic shrinkage occurs due to evaporation of free water (dehydration), i.e., physically attached water, generally up to about 300 o C. 6) Subsequently, evaporation of chemically present water (dehydroxylation) occurs up to about 600 o C, without occurrence of a great shrinkage. 6) Later, drastic shrinkage is experienced, which is due to the change to a dense geopolymer structure while undergoing sintering phenomenon.
6)
Sintering phenomenon means a process where powders or green body are changed to a lump through dense consolidation among particles by heat, and such process occurs in a solid state below the melting point. Since sintering phenomenon of geopolymers proceeds to a different extent as a function of the chemical compositions of geopolymer gel, a difference in densities is considered to be induced by a change in the connectivity of geopolymer gel particles. According to the observation results for a change in microstructures resulting from heating (Fig. 6) , pores became smaller after sintering in the geopoymer with a Si : Al ratio of 1.5 when compared with the samples of 2.0 and 3.5. In the case of 3.5 sample, it can be seen that a change in microstructures having occurred during sintering resulted in a reduced strength as pores became mutually connected.
According to the X-ray diffraction analysis results, diffraction peaks of zeolite were observed in the geopolymers with Si:Al ratios of 1.5 and 2.0 (Fig. 7) . Zeolite is formed fre- quently upon production of geopolymer. Particularly, when Si:Al ratios are low and water contents are high, it has been claimed that nano crystals are formed in a geopolymer gel structure if curing is conducted at a high temperature.
17)
Zeolite is classified according to the Si:Al ratios and the types of cation. Zeolite with a low Si:Al ratio is known to be easily crystallized even at low temperatures. Zeolite may be considered quite similar to geopolymer in that it has a network structure where cations and water molecules are loosely connected in an aluminum silicate structure as a framework for the zeolite.
18) The fact that zeolite was formed in the samples with Si:Al ratios of 1.5 and 2.0, may be attributed to similar framework structures and chemical compositions of zeolite to those of geopolymer. Meanwhile, considering the X-ray diffraction patterns, whereas the center of background intensity due to amorphous substances of rejected fly ash is approximately near 22°, the center due to amorphous gel of all geopolymers is shifted to a higher angle, appearing approximately at 25-26° (Fig. 7) . Although geopolymers show only the back- ground intensity of amorphous substances in the X-ray diffraction, the center appears in the shift to a higher angle than for coal ash. Consequently, such shift in the center of background intensity can be used as a measure for how much of the geopolymer reaction has occurred, whether reactive glass has participated in the geopolymer reaction.
19)
Van Riessen and Chen-Tan (2013) have shown that the center of 2θ shifted from deconvolution of X-ray diffraction peak to a higher angle by about 6°. Considering that all compressive strengths of geopolymer were measured to be higher than 100 MPa in this study, it is difficult to consider that the available composition of the rejected fly ash employed in the present experiment was used sufficiently for the geopolymer reaction. Therefore, there is a need for improvement to allow occurrence of the reaction where all composition contents including a decrease in particle size, refinement of rejected fly ash, etc. are consumed.
3.4. Change in geopolymer gel structures due to sintering After sintering up to 900 o C in an electric furnace, the color of geopolymer specimens was changed to light brown (Fig. 5) . While iron compounds of the rejected fly ash were present as maghemite C and in an amorphous state, they were affirmed to be hematite after sintering (Fig. 7) . Maghemite C is known to undergo a phase transformation to hematite in a temperature range of 370 -600 o C. 19, 20) Therefore, it is inferred that iron of an amorphous state present in the rejected fly ash was crystallized as crystalline hematite, while maghemite which already existed as a crystalline substance underwent a phase transformation to hematite. Quartz and mullite contained in the rejected fly ash as a crystalline substance were observed to be present as before after the sintering reaction (Fig. 7) . Commonly for all 3 types of samples, a crystalline substance of nepheline was newly formed (Fig. 7) . Nepheline is one type of feldspar having a similar crystalline structure to that of feldspar, and is known to be a feldspathoid mineral formed in an environment with low silica contents. Ideal structural formula for nepheline is (Na,K)AlSiO 4 , and the nepheline is considered to have been formed as a new crystalline phase due to sintering in geopolymer gel with the Si:Al ratio being 1.5 since this value is 1.0 in the case of ideal chemical composition. As nepheline crystals are formed from an amorphous geopolymer gel structure and great differences in diffraction intensities of nepheline are exhibited depending on the Si:Al ratios, the extents or contents of crystal growth are considered to be related to the Si:Al ratios of geopolymer gel. Since quartz is an unreactive particle, production of nepheline crystals was most marked in the sample with a Si:Al ratio of 1.5 and crystal growth was the weaker, the higher this ratio, when determined on the basis of the strongest diffraction line of quartz (Fig. 7) . Whereas the background intensity due to amorphous substances almost disappeared in the case of samples with the Si:Al ratios of 1.5 and 2.0, the amount of substances remaining in an amorphous state was greatest in the case of 3.5 sample, inasmuch as growth of nepheline was weak (Fig. 7) . However, based on the fact that 2θ position for the center of background intensity was shifted to a somewhat lower angle to be positioned at about 22 -24° and that the center of X-ray diffraction background intensity for amorphous silica was about 22°, 21) it may be inferred that an excess of amorphous silica existed in a state separated from the crystalline nepheline.
Thermal expansion-shrinkage characteristics
of geopolymer Despite the use of the same raw materials, thermal expansion-shrinkage characteristics were shown to vary with Si : Al ratios of the produced geopolymer gel (Fig. 8) . The 1.5 and 2.0 samples activated with sodium aluminate and caustic soda had excellent thermal stability up to about 700 o C, excluding shrinkage due to dehydration up to about 250 o C, and the extent of total shrinkage was small around about 1%.
On the other hand, the sample with a Si:Al ratio of 3.5 activated with water glass and caustic soda had a poorer thermal stability than the two samples mentioned above. It underwent drastic shrinkage and expansion around 600 o C, while shrinkage up to 250 o C due to dehydration was also shown to be greater than that for other samples. The part with a high silicate composition among geopolymer gel structures is expanded by heating.
22) The sample with a
Si : Al ratio of 3.5 had the highest silicate content among three samples, and the shrinkage-expansion curve from thermal expansion-shrinkage curves (Fig. 8 ) also indicated undergoing of greater expansion and shrinkage than other two samples. All three samples commonly underwent drastic shrinkage after 700 o C, and the start temperature of shrinkage for the sample with a Si:Al ratio of 3.5 was slightly higher at about 720 o C, while that for the sample with a Si:Al ratio of 1.5 was observed to be around 700 o C (Fig. 8) . It is well known that amorphous substances are sintered by viscous flow. Such drastic shrinkage at high temperatures is due to the viscous flow of geopolymer, which is considered to lead to the sintering phenomenon and the corresponding densification of structures.
3.6. Fire-resistant characteristics of geopolymer mortar panel Considering compressive strengths and thermal expansion-shrinkage characteristics, the geopolymer with a Si:Al ratio of 1.5 was determined to be most suitable for fire-resistant uses, and hence mortar specimens were prepared with this compositional ratio, and fire resistance tests were conducted according to AS 1530.4. To prepare mortar, Jumunjin standard sand calculated to be 30% of the total weight was mixed, and water content was calculated to be 23.3% with the content of Jumunjin standard sand being 29.4% as a result of adding water due to the lack of flowability. A panel was completed where the length and the width were 290mm with a thickness of about 85mm. Fire resistance test was represented in Fig. 9 in terms of surface temperature results from 3 ea of K type thermocouples as a function of times after heating per ISO 834 heating curve. After a short delay for intial 5 minutes, the furnace displayed the actual desired temperatures of the ISO 834 heating curve (Fig. 9 ). The fire test was conducted for 2 h as the maximum temperature was reached 1,050 o C. While the geopolymer mortar panel was being heated, fire resistance rating was determined by surface temperatures of the face opposite to heating. According to AS 1530.4 fire resistance criteria, 23, 24) falilure conditions are used to determine the time at which the sample failed, and hence its fire rating. Failure condition 1 is the average temperature of the unexposed face of the test specimen exceeds the initial temperature by more than 140 K. Failure condition 2 is the temperature at any location on the unexposed face of the test specimen exceeds the initial temperature by more than 180 K. Failure conditions 1 and 2 are 160 o C and 120 o C because the ambient temperature was 20 o C in the laboratory. Geopolymer panel sufficiently met the fire resistance criteria during 120 minutes of heating, and a surface temperature of the face opposite to heating after an elapse of 120 minutes was found to be 74 o C in average (Fig. 9) . Taking into account the atmosphere temperature, this represents a result of 54 o C rise. According to the observation results for panel surfaces at room temperature after sufficient cooling following completion of fire resistance tests, the face opposite to heating showed no difference from the state before heating, and no phenomenon was observed where surfaces fell off or spalled due to delamination although fine cracking was observed on the heating surfaces (Fig. 10) . Although it could not be sufficiently measured for how many hours the fire resistance rating lasted since these tests were conducted with limitation to 2 h, it is predicted that more than 3 h will be possible. As a conclusion, the fire resistance rating will be sufficiently manifested by geopolymers alone without inserting fiber, etc. for prevention of explosive fractures as commonly done with Portland cement in order to prevent explosive fractures.
Conclusions
Geopolymers with Si:Al ratios of 1.5, 2.0, 3.5 were prepared from rejected fly ash discharged at Yeongheung thermal power plant. In the case of 1.5 and 2.0, sodium aluminate was used as alkali while water glass was used in the case of 3.0, and caustic soda was commonly added in both cases. Geopolymer with a Si:Al ratio of 1.5 having activation by aluminate showed the most excellent thermal stability up to about 600 o C, and compressive strengths measured at room temperature after heating to 900 o C were increased by 44%. Nepheline was newly formed as a high-temperature mineral phase, and strengths were considered to have been increased by densification of geopolymer gel structures through sintering. According to the results of testing for fire resistance characteristics according to AS 1530.4 after producing geopolymer mortar with a Si : Al ratio of 1.5 which showed the most stable thermal characteristics, fire resistance rating of more than 2 h was observed. Excluding fine cracking on the surfaces, the forms just as before heating were maintained. Through the present study, it has been elucidated that there is a great difference in fire resistance dependent on the Si : Al ratios of geopolymer, with great enhancement in the utilization possibilities of geopolymers as a fire-resistant concrete material.
